Abstract-We present design architecture and the preliminary experimental results of our wireless telemetry system for cardiac monitoring of blood pressure and volume (PV) vital signals from small animal subjects (e.g., rabbits, rats). The system architecture consists of five main modules stacked in a 3D structure that occupies 2.475cm 3 volume and weights 4.01g. The collected data is intended for transmission over the short distances through the living tissue and air within the experimental setup. In the sleep mode measured power consumption is 150µW , while in the fully operational mode the average power consumption is 19.95mW .
I. INTRODUCTION
Real-time left ventricular (LV) pressure-volume (PV) loops are one of the main indicators of the myocardium health in animals and humans, Fig. 1 . Accurate real-time PV data allow researchers to quantify cardiac pathology, e.g., congestive heart failure, by extracting stroke volume and cardiac output [1] . Thus, a small catheter that incorporates both pressure and volume sensors is implanted into the LV of the subject's heart where the measurements are taken.
Prior research on implantable telemetry systems for pressure only measurements is reported in [2] and systems suitable for PV measurement are reported in [3] - [5] , where the researchers reported the systems occupying volume of approximately 18cm 3 and weighting 27g. Therefore, if the telemetry system is to be fully implemented in a small animal subject, e.g., a small rat and mouse, further reduction in size, weight, and power consumption is required.
Here, we present our miniature implantable PV telemetry system with the details of the data acquisition cycle including power consumption results along with system level calibration using known RC loads. The system is assembled on five thin PCBs stacked vertically by using micro-sized connectors and off-shelf discrete components, Fig. 2 , [6] , [7] . To the best of our knowledge, for this level of complexity, the size and weight reported in this paper are very close to the limits of currently achievable technology. In the next phase of our research, each of the modules will be replaced by a custom CMOS integrated circuit (IC), which will enable us to eventually implant the complete system into a small mouse.
The rest of the paper is organized as follows. In Section II the implantable cardiac PV telemetry technology is introduced; in Section III details of the PV interface module along with the data acquisition cycles and current consumption results are described. Conclusions are in Section IV. 
II. PRESSURE-VOLUME CATHETER
The initial heart volumetric method proposed by Baan et al. [1] is based on obtaining stroke volume and cardiac output by the means of an intracardiac measurement of the electrical impedance of the time-varying conductance of blood contained within the left ventricular (LV) cavity. In our system we use a commercial dual-sensor tetra-polar catheter by Transonic Scisense Inc. that incorporates both a MEMS pressure and conductance based volume sensors. While blood pressure measurement using MEMS sensors is already established methodology [8] , the blood volume measurements based on conductance catheter methodology is still subject of vigorous theoretical and experimental research [9] . In addition, the currently used volumetric sensor model, its operational principles and limits are already reported in [1] , [10] , [11] . 
III. WIRELESS TELEMETRY ACQUISITION SYSTEM
Our system architecture consists of four system level blocks that share a common data and DC power bus: power regulating electronics (PWR), signal processing and control unit (μC), RF transceiver (Rx-Tx), and PV sensor interface (implemented on the top two PCBs), Fig. 2 .
A. PV Sensor Interface Module
Simplified block diagram of the PV interface module, Fig. 3 , shows reference DC ref that is used to provide stimuli to MEMS pressure sensor, which is based on Wheatstone bridge structure (R 1 , R 2 , P 1 , P 2 ), and it shows the return path of the measured pressure signal P out . At the same time, AC vref reference stimulates the volumetric sensor (i.e. the rings (a, b, c, d)) whose output generates the corresponding signal V out .
We designed and tested two interchangeable interface modules that are based on two measurement techniques: a) lock-in amplifier technique; and b) the magnitude and phase technique. The magnitude and phase method is the classical approach to extracting the magnitude and phase, where active rectifiers and envelope detectors are used to extract the magnitude and phase information directly from the measured voltage signal. In the lock-in amplifier technique, phase sensitive detectors along with a quadrature oscillator are used to extract DC, I and Q voltages that are proportional to the magnitude and phase of the raw AC voltage measured at the sensor [6] .
B. Calibration with Known Loads
In this work, we calibrated the PV sensor interface against known RC loads instead of the actual PV catheter. Since the current implementation of the PV interface module is best suited for medium size animal hearts with typical volumes ranging from ∼(35-85)mL whose corresponding conductance values range between 10mS-20mS, we used resistive loads in the R L = 50Ω-100Ω range. In addition, a capacitor value between 0nF -30nF is used to represent the phase shift of the myocardium. Each known RC "standard" is then connected between electrodes b and c of the catheter to emulate the ideal admittance value of the heart.
A theoretical calibration curve is used to adjust the measured output, Fig. 4 , where R L is swept between 25Ω-100Ω at two different capacitance values. The ideal output of the module, I Ideal , Q Ideal (1) is derived from the known RC load R L , excitation current I Drive , system voltage gain G System and the phase shift introduced by the capacitor, which represents the ideal output with no phase shift due to the circuit propagation delays, i.e., θ propagation =0.
This inherent phase shift is measured and removed before the main calibration curve is created. Only the I output calibration curve is shown, a similar curve is created for the Q output. The two calibration curves and the excitation current are used to calculate an absolute R and C value. Similarly, the magnitude and phase method is calibrated by comparing the ideal output voltage magnitude and phase (2), taking into account system voltage gains, to the measured output magnitude and phase.
The lock-in method has advantage over the classical method as it reduces the influence of measurement noise from the admittance signal. The magnitude and phase approach relies on active bandpass filters to reduce the noise from the measurement signal, however, any noise not fully suppressed impacts the magnitude measurement. Furthermore, the lock-in method is frequency locked to the reference signal to reduce the impact of noise on the measurement, and allow for direct extraction of the phase rather than use pulse width analysis to determine the phase as is with the classical approach. 
C. Data Acquisition
The analog output signals of the PV sensor interface module: I, Q, Pressure for the lock-in method or Magnitude, and Pressure for the classical method, are processed by the microcontroller using a 10-bit SAR A/D converter. Here, only results of the lock-in amplifier outputs are discussed, while the same acquisition process applies to the classical method. This prototype is designed for medium hearts, with a peak heart rate of ∼180 bpm or 3Hz. The highest nyquist tone of the heart beat is captured by a sample rate of 2.2ms (454Hz). The sample rate is controlled by an internal timer set to trigger an interrupt every 2.2ms. During the interrupt the analog input signals (I, Q, Pressure) are sampled and converted consecutively. The PV interface electronics consumes ∼1.7mA with a R L = 100Ω for the lock-in method and ∼1.3mA for the classical method. Rather than use three separate integer values (16 bits) to represent three 10-bit samples (48 bits) an encoding scheme is used to reduce the data to a single 32 bit value per acquisition, the payload for the system.
The average current consumption is reduced by using a digital I/O port on the microcontroller to disable the PV interface electronics after data acquisition, and by storing each payload inside a buffer before its transmission. The specific size of this buffer is based on the available memory inside the microcontroller, for example, 856 bytes or 214 payloads in this MSP430. Thus, at a heart rate of 180 bpm, the fully loaded memory buffer contains approximately 1.5 PV loops, while the total acquisition time is 470ms.
When the memory buffer is full, the RF transceiver is tuned on and the data payload is transmitted to the external unit. The output power level is set to -12dBm within the frequency bandwidth of (2.4320-2.4356)GHz, Fig. 6 . The total time for one data acquisition cycle (214 payloads) to complete is 835ms, 470ms for acquisition and 365ms for transmission. The telemetry system is in a sleep state in between measurement cycles, where the microcontroller and RF transceiver are placed in their respective low-power modes supplied by the main 3.6V regulator. A low-power oscillator (12kHz) remains on to provide a timing base for the interrupt. Hence, the total current consumption in sleep (3) is 40μA.
To overcome the limitations with the on-board memory and minimize average power consumption three data acquisition modes and duty cycles are created.
1) Short Transmission:
In this mode, the PV interface electronics are powered on and sampled until the payload buffer is full, followed by RF transmission. The instantaneous current consumption profile of the telemetry system in this mode with a R L = 100Ω and an output power of -12dBm, Fig. 5 red, indicates that the telemetry system is consumes ∼ 40μA in sleep, ∼1.7mA sampling, and 13mA during RF transmission. This mode can be operated in a duty cycle approach, for example, one measurement per hour.
2) Bidirectional: In this mode, after payload transmission is complete, the RF transceiver is switched to receive mode for approximately 2s to accept instructions from the base station. Due to the transmit power level (-12dBm) and high receiver sensitivity (-102dBm), when the transceiver operates in the receive mode it has higher instantaneous current consumption of ∼17mA, Fig. 5 blue, which causes an increase in the average current.
3) Quasi-continuous: This mode is simply the Short Transmission mode repeated over a 10s window. Due to the microcontroller's memory restrictions, the RF transceiver must transmit every 214 payloads, 835ms of time for data acquisition and transmission. Therefore, in the 10s acquisition window, a total of 12 data transmissions are completed, which translates into 214*12= 2568 payloads, i.e. ∼10kB of data or 18 PV loops. Naturally, the average current consumption is larger than in the other two modes, Fig. 7 . This mode has the benefit of a larger data sample for measurement. With a larger amount of the on-chip memory the average current would be reduced because of fewer transmissions per measurement.
D. Current Consumption
The average current consumption along with the overall operational time of the telemetry system is found for each data acquisition mode separately, i.e., the implant would operate in one mode and take a measurement once every hr for the duration the battery life capacity, 40 mAh Li-Polymer. Each measurement is one full acquisition cycle in regards to the specific mode. For example, in the Short Transmission mode, the implant would acquire data once every hour to abide by the current profile in Fig. 5 (red) . This leads to the calculation (4) of an average current consumption of 41.54μA. 
As the telemetry system is only active for 835ms per measurement and in this example per hr, the dominant contribution to the average current is the sleep current. As indicated in (3), the main 3.6V regulator's current consumption attributes the most to the sleep current hence, the most to the average current in a single measurement mode as well. Reducing the voltage regulator current consumption will scale down the average current of the telemetry system in this measurement mode. A summary of the average current consumption for each mode for different measurement cycles along with the total life cycle of the telemetry system with a 40mAh battery is shown in Table. I. It is observed that as the number of measurement cycles per hour is increased, the influence of the main voltage regulator's current consumption is reduced, placing more dominance on the instantaneous current consumption.
IV. SUMMARY
A prototype RF telemetry system architecture is designed using discrete state-of-the-art off-shelf components achieving significant reduction in size. In its present form, the RF telemetry system is suitable for commercial application in medium sized subjects, e.g., large rats and rabbits. This pro- totype has a total volume of 2.475cm 3 and a weight of 4.01g. The presented modular system architecture allows for future size reduction of the system by serving as the development platform for IC implementation. Thus, enable the complete RF telemetry system to be eventually implanted into a small mouse. Phantom tissue and in-vivo experimental results are subject of our future publications.
